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We report the observation of a very exotic decay mode at the proton drip-line, the β-delayed
γ-proton decay, clearly seen in the β decay of the Tz = -2 nucleus
56Zn. Three γ-proton sequences
have been observed after the β decay. Here this decay mode, already observed in the sd-shell, is
seen for the first time in the fp-shell. Both γ and proton decays have been taken into account in
the estimation of the Fermi (F) and Gamow Teller (GT) strengths. Evidence for fragmentation of
the Fermi strength due to strong isospin mixing is found.
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The study of the properties of nuclei far from stabil-
ity lies at one of the main frontiers of modern nuclear
physics. The appearance of new radioactive decay modes
is among the marked changes as the nuclei become more
and more weakly bound [1, 2]. Instead of the familiar
α and β radioactivity or γ de-excitation we find close to
the proton drip-line proton (p-) [3, 4] and 2p-radioactivity
[5, 6]. As the states involved become particle-unbound,
we observe β-delayed proton decay, β-delayed neutron
decay and β-delayed fission [7–9] in heavy systems, and
many more decay channels open in lighter nuclei, see for
instance 11Li [10]. In medium-heavy nuclei, such as 56Zn,
fewer decay channels are expected but close to the drip-
lines there may be open channels not yet observed.
Among many possible observables for nuclear struc-
ture, the β-decay strengths provide important testing
grounds for nuclear structure theories far from stabil-
ity. The mechanism of β decay is well understood and
dominated by allowed Fermi (F) and Gamow-Teller (GT)
transitions. A successful description of the nuclear struc-
ture of the states involved should provide good predic-
tions for the corresponding transition strengths B(F) and
B(GT). The F transition feeds the Isobaric Analogue
State (IAS), which forms an isospin multiplet with the
ground state (gs) of the parent nucleus.
In this Letter we present a decay mode that has been
observed only rarely before and can strongly affect the
conventional way to study β decay close to the drip-line.
The B(F) and B(GT) values are estimated from the
β feeding, the half-life T1/2 and decay energy for each
branch. For medium to heavy nuclei, close to stabil-
ity, the de-excitation proceeds via β-delayed γ decay and
the β feeding is obtained from the balance between the
γ intensity feeding and de-exciting each level. As the
nuclei become more exotic, the particle separation en-
ergies decrease and the strong interaction causes decay
to occur via β-delayed particle emission. In proton-rich
nuclei proton decay is expected to dominate for states
well above (>1 MeV) the proton separation energy Sp
and the β feeding is readily inferred from the intensities
of the proton peaks. However, the de-excitation of the
IAS via proton decay is usually isospin forbidden. In this
case competition between β-delayed proton emission and
β-delayed γ de-excitation becomes possible even at en-
ergies well above Sp [11–13]. Thus one has to take into
account the intensities of both the proton and γ emission
to estimate B(F). Normally this only affects B(F) but,
in special circumstances as in the present case, B(GT) is
also affected.
We report the results of a study of the Tz = −2 →
−1, β+ decay of 56Zn to 56Cu [Tz = (N−Z)/2 is the third
component of the isospin quantum number T ], where
we observe competition between β-delayed proton and γ
emission in states well above Sp. Moreover we observe β-
delayed γ rays that populate proton-unbound levels that
subsequently decay by proton emission. This observation
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2is very important because it does affect the conventional
way to determine B(GT) near the proton drip-line, where
the general opinion until now was that B(GT) is simply
deduced from the intensity of the proton peaks. Here in-
stead, to determine B(GT) properly, the intensity of the
proton transitions has to be corrected for the amount
of indirect feeding coming from the γ de-excitation. Al-
though similar cases were suggested in the sd-shell [2, 14]
and observed in the decay of 32Ar [12], how this new de-
cay mode affects the determination of B(GT) has never
been discussed.
Prior to the present work little was known about the
decay of 56Zn and the excited states of its daughter 56Cu.
β-delayed protons were observed [11], but not β-delayed
γ rays. The present experiment was motivated by a com-
parison with the mirror charge exchange (CE) reaction
on 56Fe [15]. Indeed β decay and CE studies are comple-
mentary and, assuming the isospin symmetry, they can
be combined to determine the absolute B(GT) values up
to high excitation energies [16–18]. Hence as precise a
determination of B(GT) as possible is important.
The β-decay experiment was performed at the LISE3
facility of GANIL [19] in 2010, using a 58Ni26+ pri-
mary beam with an average intensity of 3.7 eµA. This
beam, accelerated to 74.5 MeV/nucleon, was fragmented
on a 200 µm thick natural Ni target. The fragments
were selected by the LISE3 separator and implanted
into a Double-Sided Silicon Strip Detector (DSSSD), sur-
rounded by four EXOGAM Ge clovers for γ detection.
The DSSSD was 300 µm thick and had 16 X and 16 Y
strips with a pitch of 3 mm, defining 256 pixels. They
were used to detect both the implanted fragments and
subsequent charged-particle (βs and protons) decays. For
this purpose, two parallel electronic chains were used hav-
ing different gains. An implantation event was defined
by simultaneous signals in both a silicon ∆E detector
located upstream and the DSSSD. The implanted ions
were identified by combining the energy loss signal in
the ∆E detector and the Time-of-Flight (ToF) defined as
the time difference between the cyclotron radio-frequency
and the ∆E signal. Decay events were defined as giv-
ing a signal above threshold (typically 50-90 keV) in the
DSSSD and no coincident signal in the ∆E detector.
The 56Zn ions were selected by setting gates off-line
on the ∆E-ToF matrix. The total number of implanted
56Zn nuclei was 8.9x103. The correlation time is defined
as the time difference between a decay event in a given
pixel of the DSSSD and any implantation signal that oc-
curred before and after it in the same pixel that satisfied
the conditions required to identify the nuclear species.
The proton decays were selected by setting an energy
threshold above 800 keV (removing the β decays, see the
discussion about the DSSSD spectrum) and looking for
correlated 56Zn implants. This procedure ensured that
all the true correlations were taken into account. How-
ever many random correlations were also included pro-
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FIG. 1: Spectrum of the time correlations between each pro-
ton decay (DSSSD energy > 800 keV) and all the 56Zn im-
plants.
ducing, as expected, a large constant background. Fig. 1
shows the correlation-time spectrum for 56Zn. The data
were fitted with a function including the β decay of 56Zn
and a constant background. A half-life (T1/2) of 32.9(8)
ms was obtained for 56Zn, in agreement with [11].
The charged-particle spectrum measured in the
DSSSD for decays associated with 56Zn implants is shown
in Fig. 2(a). It was formed as in [11] and calibrated using
an α-particle source and the 53Ni peaks of known energy.
Two kinds of state are expected to be populated in the
β decay of 56Zn to 56Cu: the T = 2, Jpi= 0+ IAS, and a
number of T = 1, 1+ states. From the comparison with
the mirror nucleus 56Co, all of these states will lie above
S#p = 560(140) keV [20] (# means from systematics),
thus they will decay by proton emission. Indeed most of
the strength in Fig. 2(a) is interpreted as β-delayed pro-
ton emission to the 55Nigs. We attribute the broad bump
below 800 keV to β particles that are not in coincidence
with protons. The proton peaks seen above 800 keV are
labeled in terms of the excitation energies in 56Cu. The
large uncertainty of ±140 keV in the 56Cu level ener-
gies comes from the uncertainty in the estimated S#p .
The proton decay of the IAS is identified as the peak at
3508 keV, as in [11]. The energy resolution for protons
is 70 keV FWHM. The achievable resolution is limited
by the summing with the coincident β particles, which
also affects the lineshape of the peak. MonteCarlo sim-
ulations confirm that the lineshape is well approximated
by a Gaussian plus an exponential high-energy tail (as in
[11]). This shape was used for the fit shown in Fig. 2(a).
Figure 2(b) shows the peaks in the triton spectrum
corresponding to the excitation of states in 56Co, popu-
lated in the mirror Tz = +2 → +1, β−-type CE reac-
tion on the stable Tz = +2 target
56Fe. The spectrum
was obtained with a high resolution of ∼ 30 keV in the
56Fe(3He,t)56Co reaction at RCNP Osaka [15]. Figs. 2(a)
and 2(b) have been aligned in excitation energy in 56Cu
and 56Co. There is a good correspondence between states
in the mirror nuclei 56Cu and 56Co. The 3508 keV IAS
and the states at 2661 and 1691 keV in 56Cu correspond
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FIG. 2: (a) Charged-particle spectrum measured in the
DSSSD for decay events correlated with 56Zn implants. The
peaks are labeled according to the corresponding excitation
energies in 56Cu. (b) 56Fe(3He,t)56Co reaction spectrum [15].
Peaks are labeled by the excitation energies in 56Co.
to the 3599 keV IAS and the levels at 2729 and 1720 keV
in 56Co, respectively.
In Fig. 2(a) one can see that the 3423 keV peak is
broader than others. We suggest that this peak corre-
sponds to the three states seen in 56Co in Fig. 2(b). One
of the 56Co states is the T = 1, 0+ level at 3527 keV. It
mixes with the IAS and takes 28% of the Fermi strength
[15, 21] in the (3He,t) reaction.
The peaks at 2537 and 1391 keV probably correspond
to the 2633 and 1451 keV levels in 56Co, respectively.
The former is only weakly populated in the CE reaction,
while the latter is the 0+ anti-analogue state [22] and
is not observed in CE. Consequently the 2537 keV and
1391 keV states are expected to have little feeding in the
β decay and the observed protons indicate that they are
indirectly populated by γ decay from the levels above.
The proton decay of the 3508 keV, T = 2 IAS in 56Cu
to the T = 1/2, 55Nigs is normally expected to be isospin
forbidden [11, 13], which makes the competing γ de-
excitation possible. Fig. 3(a) shows the γ-ray spectrum
measured in coincidence with the decays correlated with
the 56Zn implants, after removal of the background of
random correlations as in the DSSSD spectrum. A γ line
was observed at 1834.5(10) keV, in agreement with the
energy difference between the 3508 and 1691 keV 56Cu
states [1817(15) keV], therefore this γ line is attributed
to the transition connecting these levels. Further con-
firmation arises from the 1835 keV line being in coin-
cidence with the proton decay from the 1691 keV level
[Fig. 3(b)]. Moreover, the half-life associated with the
1835 keV γ ray, T1/2 = 27(8) ms, is in good agreement
with the 56Zn half-life.
Other cases of γ decay from an IAS above Sp have
been observed in this mass region [11, 13]. The par-
ticular circumstance here is that the 1691 keV level is
also proton-unbound, consequently the rare and exotic
β-delayed γ-proton decay has been observed for the first
time in the fp-shell. Similar cases were investigated in
the sd-shell [2, 12, 14]. Our observation cannot be inter-
preted as a β-delayed proton-decay to an excited state
of 55Ni, followed by a γ decay to the 55Nigs, because the
state populated would have an energy of 1835 keV, while
the first excited state in 55Ni lies at 2089 keV.
Imposing coincidence conditions on the various proton
peaks in Fig. 2(a), two additional γ rays are observed.
The first one, seen at 861 keV [Fig. 3(c)], corresponds
to the de-excitation from the 3508 keV IAS to the 2661
keV state. The second lies at 309 keV [Fig. 3(d)] and
is interpreted as the transition connecting the 1691 and
1391 keV states.
All of our observations are summarized in the 56Zn
decay scheme in Fig. 4. Solid lines indicate experimen-
tally observed proton and γ decays; dashed lines repre-
sent transitions seen in the mirror 56Co nucleus. Three
cases of β-delayed γ-proton emission have been estab-
lished experimentally, involving the γ rays at 1835, 861
and 309 keV.
Table I shows the energies of the proton and γ peaks,
and their intensities deduced from the areas of the peaks.
For a proper determination of B(F) and B(GT), the β
feeding to each 56Cu level was estimated from the pro-
ton and γ intensities, taking into account the amount of
indirect feeding produced by the γ de-excitation. In do-
ing that we have used the intensities of the observed γ
lines and estimates based on the γ de-excitation pattern
in the mirror 56Co nucleus [22]. Assuming 100% DSSSD
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FIG. 3: γ-ray spectra in coincidence with (a) all charged par-
ticles and protons from the levels at (b) 1691, (c) 2661 and
(d) 1391 keV.
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FIG. 4: 56Zn decay scheme deduced from the present exper-
iment. Observed proton or γ decays are indicated by solid
lines. Transitions corresponding to those seen in the mirror
56Co nucleus are shown by dashed lines. The error of 140 keV
comes from the uncertainty in S#p .
efficiency for both implants and protons (see Fig. 5 in
[11]), a total proton branching ratio Bp = 88.5(26)% is
obtained by comparing the total number of 56Zn implants
with the number of observed protons above 800 keV [Fig.
2(a)]. A reasonable systematic error of 20 µm in the im-
plantation depth would lead to a proton efficiency still
very close to 100%. This systematic error is included
in the quoted uncertainty. The missing 11.5(26)% is at-
tributed to the β-delayed γ emission from the 1691 keV
level (in analogy with 56Co), where the estimated partial
proton half-life is t1/2 ∼ 10−14 s, an order-of-magnitude
where the γ de-excitation can compete with the proton
emission. It is estimated that the γ decays represent
56(6)% and 66(22)% of the total decays from the 3508
keV IAS and 1691 keV state, respectively.
The measured T1/2, β feedings Iβ and Bp were used to
determine the B(F) and B(GT) values. For completeness
the results obtained taking Q#EC and S
#
p from [20] and
from [23] are shown in Table II. The differences in the
derived values of B(F) and B(GT) are very small. The
energies of the corresponding levels in 56Cu and 56Co
differ by less than 100 keV when using [20], and by ∼
400 keV when using [23], therefore we use [20] in the
discussion.
The total Fermi transition strength has to be |N − Z|
= 4. The 56Cu IAS at 3508 keV has a Fermi strength
B(F) = 2.7(5). The missing strength, 1.3(5), has to be
hidden in the broad peak at 3423 keV. This is a confir-
mation that the 56Cu IAS is fragmented and thus part of
the feeding of the 3423 keV level (assuming it contains
two or three unresolved levels) corresponds to the Fermi
transition and the remaining part of it to the GT tran-
sition. The isospin impurity α2 (defined as in [15]) and
the off-diagonal matrix element of the charge-dependent
TABLE I: Proton energies, γ-ray energies, and their intensi-
ties (normalized to 100 decays) for the decay of 56Zn. *IAS.
Ep(keV) Ip(%) Eγ(keV) Iγ(%)
2948(10)* 18.8(10) 1834.5(10) 16.3(49)
2863(10) 21.2(10) 861.2(10) 2.9(10)
2101(10) 17.1(9) 309.0(10) -
1977(10) 4.6(8)
1131(10) 23.8(11)
831(10) 3.0(4)
TABLE II: β feedings, Fermi and Gamow Teller transition
strengths to the 56Cu levels in the β+ decay of 56Zn calculated
using a[20] and b[23]. *IAS.
Iβ(%) E
a(keV) B(F)a B(GT)a Eb(keV) B(F)b B(GT)b
43(5) 3508(140)* 2.7(5) 3138(200)* 2.5(5)
21(1) 3423(140) 1.3(5) ≤0.32 3053(200) 1.2(5) ≤0.31
14(1) 2661(140) 0.34(6) 2291(200) 0.31(6)
0 2537(140) 0 2167(200) 0
22(6) 1691(140) 0.30(9) 1321(200) 0.28(8)
0 1391(140) 0 1021(200) 0
part of the Hamiltonian 〈Hc〉, responsible for the isospin
mixing of the 3508 keV IAS (0+, T = 2) and the 0+ part
of the 3423 keV level (T = 1), are computed according
to two-level mixing. For 56Cu it was found that 〈Hc〉
= 40(23) keV and α2 = 33(10)%, similar to the values
obtained in 56Co [15].
An interesting and puzzling open question is, consid-
ering that the isospin mixing is quite large in 56Cu, why
we are still observing the γ de-excitation from the IAS in
competition with the (in principle) much faster and now
partially-allowed proton decay (t1/2 ∼ 10−18 s).
The B(F) and B(GT) values obtained for the 56Cu
levels (Table II) are in agreement with the corresponding
values in 56Co [15]. For the GT strength calculations it
was assumed that the 1391 and 2537 keV levels get no
direct feeding, thus the corresponding B(GT) = 0. This
assumption, compatible with our data, is based on the
comparison with the CE data [Fig. 2(b)], where the two
mirror levels at 1451 and 2633 keV are only very weakly
populated if at all. The 3423 keV level surely has B(GT)
> 0 because the related broad proton peak contains at
least one 1+ state.
In summary, the 56Zn half-life and decay scheme, with
absolute B(F) and B(GT) strengths, have been estab-
lished. Evidence for fragmentation of the IAS in 56Cu
due to isospin mixing is seen. Competition between β-
delayed proton and γ emission is observed in two states
in 56Cu above Sp. Moreover, in three cases, we have also
observed β-delayed γ-proton emission for the first time
in the fp-shell. This exotic decay mode will strongly af-
fect the conventional determination of B(GT) in heavier,
more exotic systems with Tz ≤ −3/2 (where studies are
5planned at present and future radioactive beam facili-
ties), in which it may become a common decay mode.
This is an important message because it shows that the
decay may not be entirely dominated by particle emission
and the use of γ detectors is necessary.
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